Understanding the ionic conduction in solid electrolytes in contact with electrodes is vitally important to many applications, such as lithium ion batteries. The problem is complex because both the internal properties of the materials (e.g., electronic structure) and the characteristics of the externally contacting phases (e.g., voltage of the electrode) affect defect formation and transport. In this paper, we developed a method based on Density Functional Theory to study the physics of defects in a solid electrolyte in equilibrium with an external environment. This method was then applied to predict the ionic conduction in lithium fluoride (LiF), in contact with different electrodes which serve as reservoirs with adjustable Li chemical potential (µLi) for defect formation. LiF was chosen because it is a major component in the solid electrolyte interphase (SEI) formed on lithium ion battery electrodes. Seventeen possible native defects with their relevant charge states in LiF were investigated to determine the dominant defect types on various electrodes. The diffusion barrier of dominant defects was calculated by the Climbed Nudged Elastic Band Method. The ionic conductivity was then obtained from the concentration and mobility of defects using the Nernst-Einstein relationship. Three regions for defect formation were identified as a function of µLi: 1) intrinsic, 2) transitional, and 3) p-type region. In the intrinsic region (high µLi, typical for LiF on the negative electrode), the main defects are Schottky pairs and in the p-type region (low µLi, typical for LiF on the positive electrode) are Li ion vacancies. The ionic conductivity is calculated to be approximately 10 −31 Scm −1 when LiF is in contact with a negative electrode but it can increase to 10
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Scm −1 on a positive electrode. This new insight suggests that divalent cation (e.g., Mg 2+ ) doping is necessary to improve Li ion transport through the engineered LiF coating, especially for LiF on negative electrodes. Our results provide a new understanding of the influence of the environment on defect formation and demonstrate a linkage between defect concentration in a solid electrolyte and the voltage of the electrode. 
I. INTRODUCTION
The origin of ionic conduction in solid electrolytes is defect formation and transport in ionic materials.
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At a defined temperature, the internal equilibria of defects depend on two aspects: 1) the atomic structure of the defects; and 2) the electronic band structure of the material. 3, 5, 6 However, in reality, an ionic material of interest always operates in an environment (e.g., PbO in oxygen gas 3 , Li ionic conductors coated on electrodes). In this situation, due to the formation of defects, the compound can deviate from the exact stoichiometric composition. As a result, the concentration of defects varies with the environment in which the ionic material is in a thermodynamic equilibrium. 3 For example, by increasing the partial oxygen pressure P O2 (equivalently chemical potential of oxygen µ O2 = µ • O2 + RT ln
3 ) passing over PbO, the concentration of oxygen vacancies decreases while that of the oxygen interstitials increases as depicted in the Kröger-Vink or Brouwer Diagram.
3,5
Therefore, the environment can be treated as a "tuner" that can change the concentrations of defects in a material. In general, the environment is not only limited to the gas phase, but can be liquid or solid phase, such as electrodes on which the solid electrolyte is coated. Similarly, the concentrations of defects in the solid electrolyte would be electrode voltage dependent according to the Nernst equation
7 . The goal of this work is to develop a method to study defect physics and thus, ionic conduction in a material in contact with an external environment, e.g., a solid electrolyte on various electrodes for lithium ion batteries (LIBs).
Recently, solid electrolytes attracted a lot of research emphasizes not only because of the promising future of all-solid batteries 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] , but also their importance as an interfacial layer between electrodes and liquid electrolytes, known as a solid electrolyte interphase (SEI) 17, 18 . The performance of liquid electrolyte based LIBs relies on forming a stable SEI on the electrode surface. 17, 18 In theory, an ideal SEI is expected to be ionic conducting [19] [20] [21] , electrical insulating [22] [23] [24] and mechanically stable 25, 26 . However, the characters of a natural SEI depend on many factors (e.g., property of electrode and electrolyte molecules) and a stable passivat-ing layer is not always formed. For example, silicon (Si) electrode, one of the most promising negative electrodes with the highest theoretical capacity 27 , cannot maintain a stable interphase 26 due to its large volume expansion [28] [29] [30] [31] . This leads to a continuous capacity loss and degradation of the battery. Recently, surface coatings [32] [33] [34] [35] and electrolyte additives 36 have been proposed as two promising ways to modify SEIs. In the first approach, surface coatings, such as Al 2 O 3 , TiO 2 , and AlF 3 , have been designed to serve as an artificial SEI to migrate electrochemical and mechanical degradation of the electrodes. [32] [33] [34] [35] 37, 38 It was believed that solid electrolyte thin film coatings, also known as engineered artificial SEIs, were more stable than naturally formed SEIs in maintaining passivation, preventing continuous liquid electrolyte molecule decomposition, and protecting the electrodes from further degradation. [32] [33] [34] [35] The second approach, by adding small amounts of electrolyte additives (e.g., Vinylene Carbonate 39,40 , Fluoroethylene Carbonate [41] [42] [43] [44] [45] [46] [47] ), the performance of the electrodes was improved with a longer cycling life. The additives have been shown to change the inorganic components in the SEI (e.g., increased formation of lithium fluoride).
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The mechanisms responsible for the two promising approaches are not well understood. A theoretical approach is therefore needed to understand the mechanism of ionic and electronic conduction in SEI components.
A theoretical method to understand ionic conduction in a solid electrolyte shall include two parts: 1) the concentration of defects in the solid electrolyte in contact with electrodes and 2) the transport of the dominant defects (e.g., Li vacancy . In general, both cation and anion defects need to be considered in ionic materials, e.g., lithium fluoride (LiF). In addition, there remain other technical challenges in their method, such as the determination of the effective density of states at a finite temperature from density functional approximations and estimation of contribution of paired defects to ionic conduction.
In this study, our interest focuses on ionic conduction in LiF coated on various electrodes with rigorous considerations of the remaining technical challenges. LiF is one of the promising engineered SEI coating materials on the electrodes (e.g., Si) of LIBs, since the improved performance of electrodes has been linked to the increased concentration of LiF in the natural SEI. [41] [42] [43] [44] [45] [46] [47] 57 In addition, perfect LiF crystals have a wide band gap [58] [59] [60] , and can thus block the electron leakage to the electrolyte from the electrodes. In the present work, as a development of a general approach to evaluate all possible point defects, we studied ionic conductivity of a total of seventeen possible native defects with their relevant charge states in LiF on the surface of different electrodes. In addition, using this newly developed first principle based ionic defect calculation method, we demonstrate the dependence of defect formation and, accordingly, the ionic conduction as a function of the chemical potential of Li in the electrodes. Finally, the possibility of LiF as an engineered artificial SEI is discussed from the perspective of ionic and electrical conduction.
II. METHODOLOGY A. Thermodynamics of Defects
In ionic crystals, typical types of defects include interstitials, vacancies, Frenkel pairs and Schottky pairs.
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TABLE I summarizes possible defects with various charge states in LiF and their notations used in this paper. In our model, defects are equilibrated with external Li reservoirs (known as external defect equilibria 3 , in which deviation from the exact stoichiometric composition is allowed). As a result, the formation energy of a defect i with charge q is defined as 20,21,52-56
where E tot (i, q) and E bulk tot are the calculated energies for the LiF supercell with and without one defect i. E V (E V = 0) is the valence band top of bulk LiF. ∆V is the electrostatic energy correction term to align the valence band maximum of the defected cells with that in the bulk LiF.
53,56 n Li (n F ) is defined as the number of different Li (F) atoms compared with imperfect and perfect LiF supercells (e.g., for Li i , n Li = 1 and n F = 0). µ Li and µ F are the chemical potential of Li and F in their reservoirs. In our calculation, µ Li is a free parameter depending on the properties of coated electrodes; µ F is approximated by assuming that LiF is the most stable compound for F to form
In addition, it is necessary to determine the bounds on µ Li in Equation (1). 56 µ Li depends on the electrodes on which LiF is coated, i.e., LiF coated on the anode or cathode. On the one hand, we consider that LiF is subjected to an upper bound when LiF is coated on Li metal:
≈ −2.02 eV. If we push µ Li higher, Li metal would be deposited with F − ion dissolved in electrolyte. On the other hand, the lower bound is considered when LiF is coated on the cathode: µ min Li = µ LiF − µ F2(gas) F ≈ −9.71 eV. Under this extreme condition, F 2 gas would be generated with Li + dissolved in the electrolyte. However, for battery applications, the typical µ Li is higher than this limit (i.e., µ Li ≈ −6.6 eV corresponding to about 4.6 volts against Li metal) 61 . As a result, we use µ Li ≈ −6.6 eV as µ min Li in our study. The Fermi energy (ε F ), which is an unknown parameter, is referenced to the valence band top in Equation (1) . In perfect LiF, the Fermi level lies in the middle of the band gap; however, defects can create additional states in the band gap and vary the Fermi level. In our calculation, ε F is determined by imposing the charge neutrality 20,21,52 by balancing free electrons(n ), free holes(n ⊕ ), and charged defects
where S(i, q) and q i are the concentration and the associated charge of defect species, i, respectively. For pairs (e.g., Frenkel and Schottky pairs), there are energy penalties to separate the nearest-neighbor pairs (e.g., for SP, the pair with 0.85Å farther away in distance has ∼0.4 eV higher in formation energy). Therefore, only the nearest-neighbor Frenkel (Schottky) Pairs were included in charge balancing. At thermodynamic equilibrium, the concentration of defect i with formation energy E f (i, q) at a finite temperature T is
where N s (i) is the number of sites where defect i can be generated per unit volume. n (n ⊕ ) are the concentration of electrons (holes) in the conduction (valence) band. At a given temperature, they are defined as
where
is the FermiDirac distribution, and D(ε) is the calculated electronic density of states. Since, for LiF, ε − ε F k B T (T is 300 K in our calculation), Equation (5) can be approximated by
where N C (N V ) is the effective density of states in the conduction (valence) band
For materials with wide band gaps (e.g., alkali halides), only the energy levels near the bottom (top) of the conduction (valence) band can be occupied (unoccupied). Therefore, we approximate N C (N V ) as
where ∆ is a small energy interval above the conduction band (below the valence band for N V ). Lii Li
Negatively charged Schottky Pair a : The formation energies of paired defects (Frenkel pair and Schottky pair) are dependent on their distances of separation. For each type of pairs, the formation energies of the nearest, second nearest, and third nearest neighbor pairs were calculated and the one with the lowest formation energy was included in Equation (3) . In addition, another scenario is the dilute pair (non-interacting) when two dilute point defects (e.g., V 
B. Defect Diffusion and Ionic Conduction
The ionic conductivity in ionic materials depends on both the formation and the diffusion of defects. 3 The flux density of a defect (i, q) under a concentration gradient and a potential gradient can be described as the sum of Fick's and Ohm's law
where D(i, q) is the diffusion coefficient of the defect (i, q), F is the Faraday constant, and φ is the electric potential. D(i, q) can be calculated by Arrhenius equation at a finite temperature T 62
where ν * is the typical phonon frequency (e.g., ν * ≈ 10
13
Hz along [110] direction 63 ), ∆x is the net travel distance in each hop, g is the geometric factor, f (f = . By assuming that the concentration of defects is spatially uniform, the flux density depends only on the applied potential gradient
Multiplying qF to both sides of Equation (11), the flux density j(i, q) is converted to the current density
From Equation (12), we can calculate the contribution of defect (i, q) to ionic conduction by
and the total ionic conduction is the sum of the contributions from main defects in the system
C. Computational Details
In this study, the energies and electronic density of states were calculated by Density Functional Theory (DFT) with plane wave basis sets in the Vienna ab initio Simulation Package (VASP). 65, 66 The exchangecorrelation functional was approximated by generalized gradient approximation (GGA) in the PerdewBurke-Ernzerhof (PBE) flavor.
67 Projector-augmentedwave (PAW) potentials were used to mimic the ionic potentials. 68 The crystal LiF has sodium chloride facecentered cubic structure (space group: Fm3m, No. 225 2,69 ) and the structure was optimized with the total energy converged to 10 −5 eV/supercell. A 3 × 3 × 3 supercell was used in the optimization with a cut-off energy of 480 eV for the plane wave basis sets, a 3 × 3 × 3 Monkhorst-Pack k-point mesh, and Fermi-smearing with 0.05 eV width. The lattice constant of LiF after the optimization is 4.07Å and the error is within 1.3% compared with experimental results.
70
The . The local structure of the same point defect of 3 × 3 × 3 LiF supercell was identical to that in 4 × 4 × 4 supercell calculation and the difference in ∆E was less than 2%. The charged defects were modeled by adding (for negatively charged defects) or subtracting (for positively charged defects) one background electron to/from the total valence electrons in the supercell. In this study, the electrostatic energy correction (∆V ≈ 0.03 eV) was obtained from the average electrostatic energy difference between the defected cell (e.g., V − Li ) and the perfect cell 53, 71, 72 . (We noted that there are other methods to estimate ∆V , e.g., by inspecting the electrostatic potential far away from the charged defect 56 . The values of ∆V obtained from different methods are within the same orders of magnitude (10 −2 eV) and the choice of ∆V does not change the magnitude of defect concentrations. In addition, a similar magnitude of ∆V has been observed in the literature 71 for other ionic materials.) A neutralization Jellium background charge was assumed by VASP to improve the energy convergence with respect to the supercell size. [73] [74] [75] The diffusion barriers E m (i, q) of dominant defects were calculated by Climbed Nudged Elastic Band Method (CI-NEB) 76,77 implemented within VASP.
III. RESULTS AND DISCUSSION

A. Formation of Defects in LiF
The formation of defects depends on the properties of the specific material (e.g., band structure), the defects (e.g., defect structure and charge states), and the reservoir (e.g., µ Li ). Figure 2 shows the formation energy (E f ) of several defects with low formation energies as a function of chemical potential µ Li of the Li reservoir. Three constraints are important to be considered in the defect formation in nearly stoichiometric compounds: 1) charge neutrality, which is imposed by Equation (3), 2) mass conservation, and 3) fixed proportion of cation (Li + ) and anion (F − ) lattice sites, regardless of their occupancy.
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In our calculations, the charge neutrality is assumed to be satisfied by bounded charge on defects, free electrons, and free holes. At a high µ Li , V In order to maintain the charge neutrality, holes are created. In this region, the Fermi level is very close to the top of the valence band ( Figure 1) . As a result, holes can be generated by exciting electrons from the valence band to the defect levels 6,52,53,55 induced by Li vacancies near the Fermi energy. In addition, the mass is conserved between LiF and Li/F reservoirs (constraint 2) and the proportion of sites in the calculation system is fixed (constraint 3). In summary, there are two defect formation reactions in LiF depending on µ Li of the Li reservoir:
1. LiF on high µ Li reservoirs (e.g., Li metal), the main reaction is
where Li n F n is the perfect LiF crystal, Li R /F R refers to the Li(F) in the reservoir, and this reaction has a increasing activation energy
with increasing the separation (δr) of two vacancies; 2. LiF on low µ Li reservoirs (e.g., LiCoO 2 ), the main reaction is
where ⊕ is a hole. This reaction has an activation energy
According to reactions (15) and (16), we define three defect formation regions depending on µ Li of the reservoir (Figure 3 ) and the dominant defect concentration as a function of µ Li of the reservoir is calculated for each region.
• Intrinsic Region: in this region, the hole concentration is at least 7-8 orders of magnitude lower than that of Schottky pairs. As a result, the defect formation can be approximated by the reaction (15) and the defect concentration can be estimated by • p-type Region: the defect formation is dominated by reaction (16) • Transitional Region: defects are formed by both reactions (15) and (16) . In this region, the concentrations of V Figure 3 . Therefore, p can be determined by
B. Consideration of Computational Errors and Comparison with Experiments
Density Functional Theory with generalized gradient approximation (DFT-GGA) is known to have its own deficiencies which may lead to errors in the density of states in the conduction band and the value of band gap (E g = E C − E V ) 78 . In our calculations, several possible influences of the error were considered: 1) the value of N C , 2) the value of ε F , and 3) the underestimation of E f (i, q) of defects with the defects induced electronic states occupied (e.g.,
79 . To minimize the influence of these errors, we did the following corrections and considerations: 1) N C was corrected by the ratio of the effective mass of electrons (m * ) 69 and holes (m * ⊕ ) 80 in LiF with the relationship
we tested the sensitivity of ε F to the value of E g by using the experimental value E exp g 58-60 and found that they were not sensitive to
It is because that E DF T −GGA g are high enough to prevent free electrons in the conduction band (Equation (3) and (6a)) in LiF, and 3) V 79 In addition, for defects that can have their defect induced electronic states near the conduction band minimum (e.g., Li i , V F ), their S(i, q) are very low. We think that the errors that DFT-GGA can overestimate S(i, q) would be insignificant. Therefore, we expected the influence of the errors in determining main defect types would be negligible.
Our results are consistent with experimental values. [81] [82] [83] The intrinsic defect formation energy (Reaction listed in (15)) was extrapolated from ionic conduction measurement of divalent ion (e.g., Mg 2+ ) doped LiF at elevated temperatures. A formation energy ∆G exp was defined according to the mass action law
According to the definition of ∆G exp , our results predict the theoretical two limits for ∆G exp : 2.24 eV (nearestneighbor SP) and 2.94 eV (dilute SP). The experimental value of ∆G exp are ∼ 2.68 eV 
C. Diffusion Barriers of Dominant Defects
Diffusion of Dilute Vacancies in LiF
We studied the diffusion barriers of the main defects in LiF (V 
Diffusion of Nearest-Neighbor Schottky Pair
It is important to discuss the motion of neutral nearestneighbor SP and its contribution to the ionic conductivity, since it has higher concentration compared with dilute SP in the intrinsic region. We considered two mechanisms for nearest-neighbor SP to diffuse in the LiF: 1) Nearest-neighbor SP diffuses together to its nearest available site and 2) Nearest-neighbor SP separates to V − Li and V + F and then diffuse. In ionic conductivity measurement 84 , the first mechanism is not counted since the nearest-neighbor SP does not carry any charge (Equation (13)).
As a result, the second mechanism is considered in our ionic conductivity calculations. The disassociation energy barrier (∆G d , shown in Figure 5 ) is estimated based on two assumptions: 1) V − Li is more mobile than V + F (section III C 1) and 2) Nearest-neighbor SP dissociates when V − Li diffuses to its next nearest neighbor (shown in inserted figure of Figure 5 ). This disassociation energy (≈ 0.6 eV) is added to estimate the contribution of nearest-neighbor SP to ionic conduction. The contribution of NNSP to the total ionic conductivity is about 5 orders of magnitude lower than that from dilute SP at room temperature. Although the second nearest-neighbor SP is not well separated (about 0.1 eV lower in energy than dilute SP), we would expect the contribution of NNSP very small. 
D. Ionic Conduction in LiF
The ionic conductivity is calculated according to the main defects in each region defined in Section III A:
• Intrinsic Region:
where ∆G d is the disassociation energy calculated in section III C 2, S SP d and S SPn are the concentration of dilute and nearest-neighbor SP. Since V + F has ∼0.12 eV higher in migration barrier compared with V − Li , its contribution is insignificant to the total ionic conduction.
• Transitional Region:
where p is the portion of V − Li whose charge is balanced by the formation of V + F as defined in Section III A. In this region, we neglect the contribution from NNSP due to 1) its small contribution compared with dilute SP; 2) in this region, the contribution from V − Li becomes dominant especially when approaching p-type region.
• p-type Region: The calculated results are shown in Figure 6 . The activation energy (E f + E m ≈ 2.03 eV) in the intrinsic region is comparable with experimental extrapolation (1.99 eV) 83 to the intrinsic region at room temperature. The ionic conductivity is small in the intrinsic region (high µ Li ) and is increased dramatically when µ Li is below -4.6 eV. This dramatic increase in ionic conductivity is due to the formation of V − Li which is preferred at low µ Li and it is no longer constrained by the formation of V + F to balance the charge (Figure 3 ). 
E. LiF as an Engineered SEI for LIBs
Considering a solid electrolyte (an engineered artificial SEI) coated on electrodes for LIBs, the Li reservoir (insert in Figure 6 ) can be viewed as an electrode on which the LiF is coated. For different electrodes (e.g., µ
Li−metal Li ∼ −2.02 eV, µ LiCoO2 Li = −6.2 eV) or electrodes with different state of charge (e.g., LiC 12 , LiC 6 ), the values of µ Li are different. In electrochemistry, the electrochemical potential of Li + in a spatial point is defined as
whereμ Li + is the electrochemical potential, µ Li + is the chemical potential of Li + , z i (z i = 1 for Li + ) is the associated charge, and φ is the electrical potential in that spatial point. At thermodynamic equilibrium, the electrochemical potential is the same everywhere in a battery (i.e.,μ 
By assuming µ Li ≈ µ Li + + µ in the electrode and the same wire (e.g., copper) used to connect the cathode and anode (µ Cathode = µ Cathode ), the voltage of the cell can be estimated from the differences of µ Li in electrodes. This is the well-know Nernst equation in electrochemistry 7 . In LIBs, µ Li in Li metal is typically defined as a reference (zero volt). Therefore, we can relate µ Li in the reservoir to the open-circuit voltage of the electrodes (a half cell) by referencing to µ Li in Li metal
The ionic conductivity σ in LiF highly depends on the electrode it contacts with. For example, if LiF is coated on a negative electrode surface (e.g., graphite, silicon), σ is very small(≈ 10 −30 Scm −1 ). Compared with σ in other SEI species (e.g., Li 2 CO 3 20,21 ), σ in LiF is 18 to 20 orders of magnitude lower. However, if it is coated on a positive electrode (e.g., LiCO 2 ), σ is controlled by free V − Li diffusion and it is comparable with other SEI species (e.g., Li 2 CO 3 20,21 ). This result is significant since it demonstrates that the ionic conductivity of LiF is strongly voltage-dependent. Therefore, higher doping of divalent cation (e.g., Mg 2+ ) is suggested to improve Li ion conductivity of LiF coating on negative electrodes by increasing the concentration of diffusion carrier V − Li . The ionic transport contributes to the electrical conduction in ionic crystals (e.g., LiF).
1,2 It can be expected that LiF is more electrical insulating on the negative electrode than other species (e.g., Li 2 CO 3 20,21 ) due to its low ionic conductivity. It was believed that the electron leakage from the electrode is an important step in the ethylene carbonate decomposition leading to SEI formation. [22] [23] [24] Various groups have reported fluoroethylene carbonate (FEC) as an electrolyte additive that can improve the performance of Si electrode with increased LiF formation in the SEI layer. [42] [43] [44] [45] [46] [47] Our results provide a reason for this observation that LiF on the negative electrode surface can better passivate the electrode surface and prevent electron leakage. As a result, it can cause less capacity loss and longer cycling life of the electrode.
IV. CONCLUSIONS
We developed a new method to study the defect physics in a material in equilibrium with an external phase. This method establishes a correlation between the open-circuit voltage and Li chemical potential in the electrodes. We applied this approach to study defect reactions in LiF in contact with different electrode materials which serve as Li reservoirs. We demonstrate that the defect formation in a solid electrolyte can be affected by the open-circuit voltage of the electrode, which is a measurable and controllable parameter. Three regions (intrinsic, transition, and p-type) were defined to describe the main defect reactions with different electrodes. We found that the main defect type in the intrinsic region (high µ Li reservoirs) was Schottky pair and in the p-type region (low µ Li reservoirs) was Li-ion vacancy. The diffusion barrier of main defects in each region was estimated from CI-NEB calculation and mapped to ionic conduction based on the Nernst-Einstein formula. The ionic conductivity is very low (10 −31 Scm −1 ) in the intrinsic region and increases (to 10 −12 Scm −1 when µ Li ≈ −6.5 eV) with increasing the voltage of the nearby electrode. Thus, the ionic conduction in a solid electrolyte is very sensitive to the external potential of the electrode on which the electrolyte material is coated. This work extends the well known relationship between defect concentration and chemical potential for gas phase reactions to electrochemical reactions.
